Unlike in vivo conditions, group II intron ribozymes are known to require high magnesium(II) concentrations ([Mg 2+ ]) and high temperatures (42°C) for folding and catalysis in vitro. A possible explanation for this difference is the highly crowded cellular environment, which can be mimicked in vitro by macromolecular crowding agents. Here, we combined bulk activity assays and single-molecule Förster Resonance Energy Transfer (smFRET) to study the influence of polyethylene glycol (PEG) on catalysis and folding of the ribozyme. Our activity studies reveal that PEG reduces the [Mg 2+ ] required, and we found an "optimum" [PEG] that yields maximum activity. smFRET experiments show that the most compact state population, the putative active state, increases with increasing [PEG]. Dynamic transitions between folded states also increase. Therefore, this study shows that optimal molecular crowding concentrations help the ribozyme not only to reach the native fold but also to increase its in vitro activity to approach that in physiological conditions. molecular crowding | large-ribozyme folding | single-molecule FRET | group II intron ribozyme | excluded volume effect C ells are compact and crowded due to the presence of high concentrations of macromolecules such as nucleic acids, proteins, metabolites, and organelles that can occupy up to onethird of the total volume (1-7). Crowded environments not only limit the free diffusion of all biomolecules but also lead to spatial confinement that originates from steric hindrance, usually referred to as excluded volume effect (3, 5, 8) . All cellular processes, including enzymatic reactions as well as nucleic acid and protein folding and their interactions, have evolved under such conditions, which are very different from in vitro dilute solutions.
C ells are compact and crowded due to the presence of high concentrations of macromolecules such as nucleic acids, proteins, metabolites, and organelles that can occupy up to onethird of the total volume (1-7). Crowded environments not only limit the free diffusion of all biomolecules but also lead to spatial confinement that originates from steric hindrance, usually referred to as excluded volume effect (3, 5, 8) . All cellular processes, including enzymatic reactions as well as nucleic acid and protein folding and their interactions, have evolved under such conditions, which are very different from in vitro dilute solutions.
RNA molecules fold into specific 3D structures to become functional (9) . Cofactors, such as metal ions, play a key role in RNA folding by screening the negative charges of the phosphate backbone and mediating tertiary contact formation (10) (11) (12) . In crowded environments, RNA folding and catalysis can be affected by excluded volume effects, changes in diffusion rate constants, viscosity, or the dielectric constant (3, (13) (14) (15) (16) (17) . Numerous protein folding studies have shown that excluded volume effects can accelerate native (N)-state formation (18) (19) (20) (21) (22) (23) (24) . Similarly, crowding agents have been shown to affect nucleic acid folding, such as DNA G-quadruplexes (25) and ribozymes (13-15, 17, 26-29) .
In the case of small and medium-size ribozymes, molecular crowding accelerates folding and decreases metal-ion requirements (13, 15, 30) . However, it remains unclear how crowding agents affect large-ribozyme folding and catalysis. To address this, we use the D135 ribozyme, a well-characterized model system derived from the ai5γ group IIB intron of Saccharomyces cerevisiae mitochondria (31) (32) (33) (34) . Group II intron ribozymes selfsplice from pre-mRNA through two transesterification reactions (35) (36) (37) . Consisting of six structural domains (D1 to D6), group II introns include a conserved catalytic core that resembles the nuclear spliceosome (37) (38) (39) (40) . D135 is a minimal ribozyme that efficiently catalyzes the hydrolytic cleavage of the 5′ splice site (Fig. 1A) (35, 36) . Studies in vitro have shown that D135 adopts the N state through at least two distinct conformations: an extended intermediate (I) state and a folded intermediate state (31, 32, 41) . The low-populated N state is stabilized by substrate binding or the presence of the Mss116 helicase (31, 34) .
Here, we combine bulk cleavage assays and single-molecule folding studies to characterize the D135 ribozyme folding and catalytic 5′-exon hydrolytic cleavage in the presence of crowding agents. Similar to small ribozymes, increasing crowding accelerates folding and decreases Mg 2+ requirements. In contrast, our data show that above an "optimal" molecular weight and weight per volume fraction (wt/vol) of the crowding agent, the ribozyme's activity decreases again. These observations raise the interesting possibility that, for large ribozymes, maximum activity is reached at an optimal cavity size.
Results

Macromolecular Crowding Reduces Mg
2+ Requirement for Catalysis.
To study the influence of macromolecular crowding on the activity of large ribozymes, we use the D135-L14 construct, previously designed for single-molecule Förster Resonance Energy Transfer (smFRET) measurements (Fig. 1A) , in which DNA oligonucleotides carrying the donor or acceptor fluorophore hybridize to artificial loops in D1 and D4 (31, 32, 34) . In the absence of crowding agents, we confirm that our labeling strategy
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Biological processes take place in living cells and have adapted to environmental conditions such as temperature, salt concentration, and high-density cellular contents. However, our molecular understanding of most biological processes relies on in vitro experiments under nonphysiological, highly diluted, and high-salt conditions. To overcome this, we mimic the cellular environment by introducing crowding agents. To understand how such conditions affect large-ribozyme folding and function, we studied a group IIB intron ribozyme under crowded, low-salt conditions. The data show how crowded environments enhance the activity of such large ribozymes, even in low-salt concentrations. Interestingly, we find that "optimal" crowding yields maximum activity, beyond which dense crowding becomes detrimental for activity.
does not affect cleavage of the 17/7 substrate under singleturnover conditions ( Fig. 1 A and B and SI Appendix, Table  S1 ) (31, 42) . In the presence of 10% PEG 8000, we observed an approximtely fourfold increase in cleavage rate constant (Fig.  1B) . To confirm that this is a specific macromolecular crowding effect, we measured cleavage activity in the presence of ethylene glycol (EG), the PEG monomer, which does not yield the same effect (SI Appendix, Fig. S1 ). Although EG and PEG have significant structural differences, EG is a suitable monomeric control compound because it shares functional moieties such as hydroxyl groups and hydrogen bonding lone pairs on the ether oxygens (13 ] (Fig. 1C) . A fit to the Hill equation yields K Mg2+ = 51 ± 2 mM, with very low activity below 20 mM Mg 2+ , in agreement with previous results (31, 33) . In the presence of 10% PEG 8000, the titration midpoint shifts to lower [Mg 2+ ] (K Mg2+ = 20 ± 1 mM; Fig. 1C) . Interestingly, the ribozyme reaches maximum activity at ∼30 mM Mg
2+
. However, at [Mg 2+ ] ≥60 mM, the ribozyme is ∼1.5-fold faster in the absence of PEG. This difference could be caused by a viscosity-induced decrease in diffusion in the presence of PEG. A viscosity-corrected rate constant estimation (26, 43) shows that the ribozyme's activity is approximately fourfold higher in the presence of PEG (10%) (SI Appendix, Fig. S2B ). In summary, these results show that the presence of macromolecular crowders increases the ribozyme's activity and lowers the Mg 2+ requirement.
Intermediate Crowding Yields the Ribozyme's Optimal Activity. To determine the volume exclusion effect, we measured the ribozyme's cleavage activity at increasing PEG wt/vol at 30 mM Mg 2+ , which yields the most significant difference between the absence and presence of PEG (Fig. 1C) . As expected, increasing the PEG wt/vol from 0 to 10% results in a systematic increase in the observed cleavage rate constant (Fig. 1D) . Surprisingly, increasing the PEG wt/vol above 10% results in a decrease in the ribozyme's activity. A possible explanation for this observation is that above a critical PEG concentration, the average cavity size no longer fits the hydrodynamic radius of the ribozyme, thereby hindering either ribozyme folding or catalysis. To test this, we repeated the titration with PEG of larger and smaller molecular weights (Fig. 1D ). The smaller PEG (PEG 1000) shifted the maximum ribozyme activity to 10-15% wt/vol, whereas the larger PEG (PEG 35000) shifted the maximum ribozyme activity to 5% wt/vol. These results are in agreement with the idea of an optimal cavity size for large-ribozyme folding and catalysis.
Molecular Crowding Favors the Ribozyme's Most Compact State. To distinguish between crowding effects on folding and catalysis, we use smFRET to measure the influence of molecular crowded environments on the ribozyme's folding. To visualize single D135-L14 ribozymes, we hybridized three DNA oligonucleotides, two carrying the FRET pair Cy3 and Cy5 and a third one carrying biotin to immobilize the ribozyme onto the microscopic quartz slide (Fig. 1A) (31) . Prior smFRET studies have shown that the ribozyme adopts at least three FRET states in the . smFRET RNA-protein binding assays of the helicase Mss116 binding to the ribozyme showed a shift of the low, ∼0.1 FRET state to higher values (∼0.2) when the helicase was present (34) . Here, with a probe laser for alternate laser excitation (44) and improved signal-to-noise ratio, we found that the I state in the low FRET region splits into two states that interconvert within single FRET time trajectories (Fig. 2B and SI Appendix, Fig. S4A ). We name these I 1 (∼0.1 FRET) and precompact folded intermediate (I 2 , ∼0.21 FRET). The folding pathway remains consistent with our previous results, with at least four distinct conformational states, including an additional on-path intermediate (Fig. 2A) ; the most compact state is only transiently present, as indicated by arrows in the example FRET trace (Fig. 2B) . The same FRET states are also observed in the presence of PEG.
Only a small fraction of the most compact state (N) is present (≤2%) under standard buffer conditions and with 30 mM Mg 2+ (Fig. 2C) . However, the fraction of the most compact state gradually increases by increasing the PEG percentages and finally saturates above 10%. We obtain a midpoint PEG 50 = 9 ± 1% for ribozyme folding by fitting the fraction of the N state as a function of crowding agent concentration to a binding model (SI Appendix, SI Methods), indicating that molecular crowding favors and increases the formation of the most compact state, N (Fig. 2D) .
Thirumalai and coworkers (45) have previously shown, using all-atom molecular dynamics simulations and coarse-grained modeling of a small 22-nt RNA hairpin, that cosolutes that interact favorably with multiple bases simultaneously can stabilize the hairpin more than a noninteracting crowding agent of the same size. To rule out that the observed effect is not due to specific interactions between the group II intron and PEG, we conducted a series of control experiments in the presence of EG and dextran (molecular weight of 10,000). Akin to PEG, we observed that the stability of the group II intron increases in dextran, but not in the presence of EG (SI Appendix, Fig. S3 ). This indicates that the observed effect is not caused by specific interactions between PEG and the ribozyme. (Fig. 3A) . In particular, we performed a Mg 2+ titration in the presence of 10% PEG 8000 (i.e., the optimal conditions determined from our cleavage assays) (Fig. 1) . In the absence of Mg
, we observed only three FRET states, with the low (0.1) FRET state being the most populated (Fig.  3A) . This state corresponds to the I 1 state. Under these conditions, the most compact state, N, is not observed, confirming that Mg 2+ ions are required for N-state formation, in agreement with previous activity assays and site-specifically bound Mg 2+ ions observed in the ribozyme's crystal structure (38, 39, 47, 48) . The fraction of the most compact state increases gradually with increasing [Mg 2+ ] and reaches a maximum (10%) at 100 mM Mg 2+ , with a K Mg = 25 ± 2 mM in the presence of PEG (10%) (Fig.  3D) . In the absence of crowding agents, the most compact state appears only at concentrations above 20 mM Mg 2+ (Fig. 3 A-C) , with a midpoint of ribozyme folding of K Mg = 42 ± 3 mM (Fig.  3D ), in agreement with previous results (31) . These results show that the presence of PEG reduces the requirement of Mg 2+ to reach the most compact state, N, the putative active state. The shift of the folding midpoint of the N state in the absence and presence of PEG by approximately twofold is in agreement with our activity assays (Fig. 1C) , linking N-state formation with the ribozyme's activity.
Molecular Crowding Increases Dynamics Between Conformational
States. From the smFRET time trajectories, it is possible to observe the different conformations adopted by the ribozyme in real time. As mentioned before, the N state (∼0.6 FRET) is rarely populated and only transiently reached at high [Mg 2+ ]. In the absence of PEG and low [Mg 2+ ], three reoccurring FRET ratios (∼0.1, ∼0.21, and ∼0.4) can be observed. The most compact state (∼0.6 FRET) is absent. In contrast, the presence of 10% PEG 8000 at low [Mg 2+ ] accelerates the transitions between different conformations, and the N state becomes visible (Fig.  4A) . Moreover, we distinguish between two types of FRET traces representing different states of activity: (i) dynamic molecules that show at least one transition between FRET states and (ii) static molecules that do not show any dynamics but have a constant FRET value. The overall number of dynamic molecules showing one or more transitions increases with increasing PEG percentage, reaching a maximum at 15%, and then decreases with higher PEG fractions (Fig. 4B) . These results raise the interesting possibility that optimal PEG percentages enhance the formation of the most compact state by increasing its folding rate constant.
Molecular Crowding Agents Stabilize the Substrate-Bound Complex.
To further understand the effect of crowding agents on the stability of the substrate-bound complex, we imaged single ribozyme molecules prebound to a 24-nt substrate comprising a cleavable (17/7) or noncleavable (17/7dC) 5′ splice site. The modified substrate has a deoxycytidine that slows cleavage 5 to 10 times relative to the wild type (49) . In the absence of PEG, the fraction of the N state increases with substrate concentration (Fig. 5) . At 30 mM Mg 2+ , both substrates (17/7 and 17/7dC) bind the ribozyme with almost equal affinity (K 17/7 = 19 ± 6 nM and K 17/7dC 20 ± 6 nM), suggesting that both substrates stabilize the ribozyme in similar magnitude. Previous studies have shown that the wild-type substrate binding increases the fraction of the compact state in comparison with the modified substrate at 100 mM Mg 2+ (31) . We observed a similar effect at 100 mM Mg 2+ (SI Appendix, Fig. S5 ), but not at 30 mM Mg 2+ , possibly because the ribozyme cannot fold correctly at low [Mg 2+ ]. To investigate the crowding effect on the substrate-bound complex, we performed experiments at various concentrations of both substrates in the presence of 10% PEG 8000 and 30 mM Mg 2+ . Indeed, in the presence of PEG, the fraction of the most compact state increases with either substrate concentration ( Fig. 5 A and C) . Furthermore, substrate binding increases by a factor of ∼2 for both 17/7 and 17/7dC (K 17/7 = 9 ± 3 nM and K 17/7dC = 11 ± 3 nM; Fig. 5 B and D) , indicating that molecular crowding favors the formation of the stable substrate-bound ribozyme complex, even at low [Mg 2+ ], which is consistent with the increase in the most compact state population by PEG 8000.
Discussion
How crowded cellular environments influence the activity of ribozymes has been a long-standing question (3) . Recent studies have shown that crowding agents can affect both folding and catalytic rate constants of small and medium-sized ribozymes (13, 15, 17, 26-28, 30, 50, 51) . However, how large ribozymes (relative to the crowder size) are affected has not been investigated until now. To address this question, we used the D135-L14 group II intron ribozyme construct as a model system to study the folding and catalysis of a large multidomain ribozyme in crowded environments. Using PEG as a crowding agent that has negligible interactions with RNA (13,52), our ensembleaveraged cleavage assays show a fivefold increase in cleavage activity at low [Mg 2+ ] in the presence of PEG (10%) (Fig. 1 ), in agreement with previous studies with smaller ribozymes (13, 15, 17, 26-28, 30, 50, 51) . However, RNA molecules of different size and complexity can exhibit different responses to crowding agents (3). For example, low-molecular-weight crowders can destabilize small RNA constructs such as RNA hairpins (7) or the adenine riboswitch (53) . For large ribozymes, it has been hypothesized, but never shown directly, that crowding effects may be different from those in small or medium-sized ribozymes (3, 54) . In agreement with this hypothesis, our PEG titrations at near-physiological [Mg 2+ ] reveal optimum crowding conditions (10% PEG 8000) beyond which catalytic activity is hindered (Fig. 1D) . A likely explanation for this observation is that, under optimum conditions, the interstitial space between crowding molecules defines an average cavity size that must match the size of the folded ribozyme (55) . We note, however, that PEG is a diffusively dendritic polymer with an effective radius of gyration, but is not spherical in a physical sense. Therefore, overly dense conditions can decrease the ribozyme's activity. In agreement with this idea, the detrimental effect of "overcrowding" is attenuated with crowding agents of lower molecular weight (Fig. 1D) .
To discriminate between effects in folding and catalysis, we used smFRET. The single-molecule data show that increasing PEG concentrations result in both a higher population of the most compact state (N) and a decrease in Mg 2+ ion requirements for folding (Figs. 2 and 3 ). These findings are in line with previous results showing that crowding agents favor folded compact conformations (13-15, 27, 28, 54) . Interestingly, we did not observe an optimal PEG concentration for folding as in the activity assay (compare Figs. 1D and 2D) . A possible explanation of this apparent discrepancy may be that once the various ribozyme's folding intermediates reach a minimum radius of gyration, they no longer benefit from additional crowding-induced stabilization (28) , thereby explaining the observed saturation in the PEG titration. An additional interesting observation from the single-molecule trajectories is that crowding agents not only stabilize the most compact state but also increase their dynamics (Fig. 4) . This result implies that crowded environments can accelerate folding rate constants by stabilizing folding transition states, as observed for the hairpin ribozyme (13) , an effect similar to that of RNA helicases (34) .
We also observed that crowding agents stabilize the ribozymesubstrate complex equally for cleavable and noncleavable substrates (Fig. 5) , raising the interesting possibility that molecular crowding helps to partially curb the effect of mutations on folding and catalysis. A similar effect was recently observed for the group I intron ribozyme, whereby crowders helped to partially offset tertiary contact mutations that reduce activity under physiological conditions (29) .
In summary, the combination of activity assays and singlemolecule studies shows that excluded volume effects can play important roles in both folding and catalysis of large ribozymes, such as the D135-L14 ribozyme, by stabilizing the most compact (i.e., native) conformation and transition states between folding intermediates. However, beyond an optimal crowding concentration, activity can be hindered by stabilization of compact but inactive folding intermediates. Therefore, whether the crowded environment inside cells and organelles, such as mitochondria where group II introns are expressed (56) , affects the folding and activity of large catalytic RNAs will need to be investigated directly. To the best of our knowledge, cavity sizes have never been directly measured in eukaryotic cells. Therefore, we cannot compare the distribution of polymer sizes with cavity sizes in the cell. However, given that the cell is made of heterogenous crowding agents, we can reasonably speculate that the cell provides a broad, heterogeneous distribution of cavity sizes. Furthermore, this distribution is likely to be dynamic and to adapt, for example, as the cell moves and as its contents change with the cell cycle. It is possible, therefore, that cavity sizes in cells adjust as RNA and protein molecules fold into their most compact state (often the N state).
Methods
RNA Preparation and Cleavage Activity Assays. The D135-L14 ribozyme was obtained from the transcription of the plasmid pT7D135-L14, derived from the plasmid pT7D135 carrying the sequence coding for the S. cerevisiae intron ai5γ modified with the insertion of two loops and the overhang at the 3′ via mutational PCR. Upon HindIII digestion, the linearized pT7D135-L14 was transcribed with homemade T7 polymerase, purified via denaturing gel eletrophoresis, extracted by crush-and-soak, and stored at −20°C in water (57) . The reaction was performed under single turnover conditions using 32 Plabeled substrate at standard conditions (80 mM 3-(N-morpholino)propanesulfonic acid, pH 6.9; 500 mM KCl) at 42°C and varying [Mg 2+ ] (33). The desired percentage of PEG was dissolved in the solutions containing ribozyme and/or substrate (SI Appendix, SI Methods).
Single-Molecule Experiments. smFRET experiments were conducted by hybridizing Cy3, Cy5, and biotin-labeled DNA to the two loops and the 3′ elongation of the ribozyme, respectively (31, 32, 58, 59) . Next, the solution containing the labeled ribozyme was diluted to 50 to 100 pM for surface immobilization on a BSA-passivated surface. To form the substrate-bound complex, the substrate was preincubated in the microfluidic channel with preimmobilized ribozyme. PEG solutions at desired [Mg 2+ ] were prepared in imaging buffer by mixing with an oxygen scavenging system and were injected into the microfluidic channel before imaging. The donor fluorophores were excited using a 532 nm laser at the total internal reflection angle, and emission signals from both donor and acceptor fluorophores were collected using a water immersion objective (60×). Next, signals were filtered and separated using dual-view and then imaged on two halves of a high quantum yield EM-CCD camera chip (Andor). Single-molecule videos were analyzed as described previously (31, 32, 58, 60 
